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METAL TEMPERATURES AND COOLANT FLOW IN A WIRE- 
CLOTH TRANSPIRATION-COOLED TURBINE VANE 
by Herbert J. Gladden 
Lewis Research Center 

SUMMARY 

Transpiration -cooled strut -supported turbine vanes made from wire -wound cloth 
were tested in a four -vane cascade to determine their heat -transfer and coolant flow 
characteristics. Experimental temperature data from this investigation were compared 
with temperature data from two full -coverage film -cooled vanes made of different lam- 
inated construction. The transpiration -cooled vane compared favorably with .the full- 
coverage film-cooled vanes. The measured airfoil temperatures also compared favor- 
ably with predicted temperatures except at the forward portion of the suction surface. 

A laminar boundary layer on the suction surface, which had been predicted from the 
gas conditions, was apparently tripped to a turbulent regime by the injection of the cool- 
ing air, and as a result the experimentally measured temperatures were higher than 
predicted. This vane was designed for a gas temperature and pressure of 1640 K and 
3 atmospheres, respectively, a coolant temperature of 920 K, and a maximum wall tem- 
perature of 1200 K. 


INTRODUCTION 

An experimental investigation of the heat transfer and flow characteristics of a strut- 
supported wire -cloth turbine vane was made in a four -vane cascade. Experimental tem- 
peratures are presented in this report and compared with analytical values. 

It has been known for some time that transpiration cooling is the most efficient 
means of tolerating the high gas temperatures expected in future gas turbine engines. 

The relative merits of transpiration cooling, film cooling, full -coverage film cooling, 
and convection cooling have been examined and are reported in references 1 to 3. From 
a heat -transfer viewpoint, transpiration cooling is superior to any other means of cooling. 
But there are a number of offsetting disadvantages associated with conventional porous 



materials, such as fabrication problems, susceptibility to foreign object damage, and 
susceptibility to plugging of the airflow passages by oxidation and contaminated coolant. 
Also, reference 4 shows that the aerodynamic losses due to roughness and blowing are 
greater for a transpiration -cooled vane than for a convection -cooled vane. Many of the 
porous materials (wire -wound cloth woven -wire cloth, or sintered powered metal) are 
generally of low strength and require some type of supporting strut, which adds to the 
airfoil weight and the fabrication complexity. The oxidation characteristics of two wire- 
wound porous materials and a full-coverage film-cooled material are discussed in ref- 
erence 2. These materials show promise of reducing the severity of the oxidation and 
strength problems. 

The purpose of the investigation described in this report was to evaluate the heat- 
transfer characteristics of the transpiration -cooled vane design approach discussed in 
reference 5 and to determine if predicted surface temperature distributions could be 
verified by experiment. Dimensionless experimental temperatures were obtained and 
compared with similar data from two full -coverage film -cooled vanes made of different 
laminated construction. Experimental and predicted airfoil temperatures were also 
compared. 

The transpiration-cooled vane investigated had a porous wire-wound airfoil attached 
to a central supporting strut. The coolant pressure and airflow distribution- of this vane 
were investigated in detail, and the results are presented in reference 6. The design 
gas conditions were a temperature and pressure of 1640 K and 3 atmospheres, respec- 
tively, a coolant temperature of 920 K, and a maximum airfoil temperature of 1200 K. 
Experimental temperature data for this vane were generated in a four -vane cascade over 
a range of test conditions. These conditions were gas temperatures of 1090 to 1370 K, 
gas pressures of 2 and 4 atmospheres, and coolant temperatures of about 800 K. Data 
were also taken at two points representative of a high -temperature core turbine (2200 K 
and 20 atm). These similarity state data were taken at gas temperatures of 540 and 
760 K and gas pressures of 4 and 6 atmospheres. The experimental coolant temperature 
was ambient. 


SYMBOLS 


A to J coolant passages 
P pressure 

R local wall temperature parameter 

R average wall temperature parameter 

T temperature 
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T average temperature 
w flow rate 
Subscripts: 
c coolant 
g gas 
H hub 
i inlet 

J coolant passage J 
M mid span 
o outlet 
T tip 


APPARATUS 
Vane Description 

A midspan cross-sectional schematic of the strut -supported wire -cloth vane is 
shown in figure 1. The vane had a span of about 10 centimeters and a chord of about 6. 4 
centimeters. The porous wire -cloth airfoil was fabricated from Poroloy, a wire -wound 
porous material. The Poroloy was wound from Driver -Harris 242 wire to a thickness of 
0. 061 centimeter. Additional design information is given in reference 5. The airfoil co- 
ordinates corresponded to the first-stage vane of a modified J-75 turbojet engine used at 
the Lewis Research Center for heat-transfer studies. Views of the vane both before and 
after the porous shell was welded to the strut are shown in figure 2. 

The strut, a casting of Udimet 700, essentially carried the gas bending loads on the 
airfoil and provided compartments within the interior of the airfoil to distribute cooling 
air. The pressures in each compartment were controlled by orifices drilled in the tip of 
the strut casting (fig. 1). There were 10 lands or attachment regions on the strut, each 
land being approximately 2. 54 millimeters wide. The airfoil was attached to the strut at 
each land with a continuous spanwise electron-beam weld. The attachment of the airfoil 
to the strut defined 10 individual internal compartments. However, compartments D and 
E (fig. 1) were supplied at a common plenum pressure with air passages cast through the 
strut dividing these two compartments. The primary purpose of the strut in this region 
was to stiffen the airfoil against excessive deflection caused by gas pressure forces. 
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Compartments I and J were also supplied at a common plenum pressure, in a similar 
manner to compartments D and E. 

The strut design was guided primarily by considerations related to ease of casting 
and efficient heat transfer. The relatively thick land sections aided in the transfer of 
heat from the weld regions to the coolant channels. In addition, the wide land sections 
were necessary to obtain a reliable electron-beam weld of the airfoil to the strut. The 
coolant channels were also made as large as possible in cross section to reduce pressure 
loss in the spanwise direction in the compartments. Stress analysis of the strut relative 
to gas bending loads showed that it would operate well within allowable stress limits at 
the design condition. 

Cooling air was supplied to the vane through a tube attached to the tip platform. The 
air impinged on a baffle plate, entered a plenum chamber in the platform, and was dis- 
tributed to the 10 spanwise coolant passages (A to J) through the metering orifices. 


Cascade Description 

A detailed description of the four -vane cascade facility is given in reference 7. The 
test section was a 23° annular sector of a vane row and contained four vanes' and five flow 
channels. A plan view of the test section showing the central two test vanes, the outer 
slave vanes, and selected instrumentation is presented in figure 3. The outer slave 
vanes completed the flow channels for the two center test vanes and also served as radia- 
tion shields between the test vanes and the water-cooled walls of the test section. 

The vane cooling air was supplied to the four vanes from a single manifold. The 
flow was measured by a venturi flowmeter. The cooling air was filtered by a 5- 
micrometer sintered-element filter ahead of the manifold. 

The test section was equipped with three view ports in the side walls so that a por- 
tion of the test vane surface could be observed with optical temperature measuring de- 
vices. The view -port extension tubes were of double wall construction to permit water 
cooling of the tubes. The flanged end of each extension tube accommodated a 1.3- 
centimeter -thick quartz disk for viewing purposes. View ports 1 and 2 permitted obser- 
vation of portions of the pressure and suction surfaces near the leading edges of vanes 2 
and 3 (see fig. 3). View port 3 permitted observation of portions of the trailing edge suc- 
tion surfaces of vanes 2 and 3. The space between the dashed lines in figure 3 indicates 
the approximate chordwise surface distances on the vanes that could be observed from 
the view ports. The lines of sight from the three view ports were in a horizontal plane 
which passed through the midspan region of the two central vanes. 
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Instrum entation 


Vane temperature data presented in this report are divided into two sets that are a 
function of the number of thermocouples and their location, which are discussed in this 
section. Gas conditions were measured by radially traversing total -temperature and 
pressure probes and by inlet and outlet static -pressure taps. These and other operating 
instrumentation are discussed in reference 7. 

Figure 4(a) is a schematic showing typical midspan vane thermocouple locations for 
the first set of data. Each of the four vanes in the vane pack had nine strut thermocouple 
locations: five at the midspan, two near the tip platform, and two near the hub platform. 
In addition, there were two airfoil thermocouples on vane 2 (one on the web near the lead- 
ing edge of the suction surface and one near the trailing edge of the suction surface) and 
one airfoil thermocouple on vane 3 (near the trailing edge of the suction surface). All 
thermocouples were made from 0. 51 -millimeter -diameter sheathed Chromel-Alumel 
wire. Because the airfoil was made from a wire -wound cloth, which could not be slotted 
to provide a smooth airfoil after the thermocouple was installed, the thermocouple lead 
was laid along a strut web on the vane surface to the point of interest and the junction was 
then located midway between webs on the airfoil surface. 

In addition to data from the thermocouple instrumentation, infrared radiometry data 
were obtained from the leading edge suction and pressure surfaces and from the trailing 
edge suction surface. Because of geometry limitations, these data were restricted to the 
midspan of vanes 2 and 3. 

The second set of data was obtained with the addition of thermocouples on the suction 
surface of vane 2 and the pressure surface of vane 3. A schematic representation of this 
instrumentation layout is shown in figure 4(b). The strut thermocouples were retained in 
vanes 2 and 3 only. Each thermocouple lead was attached to the gas -side surface of a 
strut web, while the junction was located on the airfoil surface midway between webs. 

The instrumentation for the second data set also included five gas -side surface 
static -pressure taps near the tip platform. These static taps were embedded in the strut 
web to provide a smooth airfoil surface. Three static taps were located on the suction 
surface of vane 2, and two static taps were located on the pressure surface of vane 3, as 
shown in figure 4(c). 

Strut thermocouple installation . - In order to avoid damage to the strut thermo- 
couples, slots and guide tubes were provided so that the thermocouples could be slid into 
position in the strut after the airfoil was attached. The thermocouple junction was not 
directly grounded to the strut by this method. Therefore, the indicated strut temper- 
atures could be several degrees below the actual strut temperatures. 

Airfoil thermocouple installation . - The leads for the thermocouples used to meas- 
ure the airfoil surface temperature were laid along a strut web to a point near the mid- 
span and then routed perpendicular to the web to the midpoint between adjacent webs. 


5 



Routing the leads along a web reduced to a minimum the amount of coolant flow blockage. 
In order to reduce the effect of each thermocouple lead on succeeding measurements, the 
plane of thermocouple junctions was skewed from leading edge to trailing edge with re- 
spect to the midspan chord line. This is depicted in figure 4(c). 

Infrared radiometer . - An infrared spot radiometer was used to measure airfoil 
temperatures in the leading and trailing edge regions. The radiometer was mounted on a 
movable table so that chordwise scans could be made of the field of view through the view- 
port. The instrument was sensitive to radiation energy in the 2.0- to 2. 6-micrometer 
wavelength band, and, to obtain reliable temperatures, the instrument was calibrated to 
the vane airfoil emissivity in this wavelength band. These temperatures were estimated 
to be accurate within ±5 K. The output of the radiometer was recorded on a strip chart. 


TEST PROCEDURE 

Prior to the heat -transfer tests, the vanes were preoxidized in a furnace at 1030 K 
to obtain a stabilized oxide layer on the wire cloth surface. This oxidized surface had 
the relatively constant emissivity needed for infrared radiometry measurements. 

The vane cooling airflow was checked before and after each heat -transfer test run to 
determine the extent to which oxidation of the wire cloth reduced the total flow. 

The heat -transfer tests were made in such a way that the lowest airfoil temperature 
data were taken first and the highest airfoil temperature data were taken last. For early 
tests, the maximum measured airfoil temperature was limited to 1030 K to limit the ox- 
idation rate of the wire cloth. The vane design conditions were a gas temperature and 
pressure of 1640 K and 3 atmospheres, respectively, a coolant temperature of 920 K, 
and a maximum airfoil temperature of 1200 K. The predicted coolant- to gas-flow ratio 
for the design point was 0. 053. The test conditions investigated were gas temperatures 
of 1090, 1140, 1255, 1370, and 1480 K; gas pressures of 2 and 4 atmospheres; a coolant 
temperature of about 800 K; and coolant- to gas-flow ratios of 0. 0165 to 0. 0635. The 
gas stream midspan midchannel exit Mach number was maintained at about 0. 85. 

Data were taken at two additional gas conditions which represented a similarity state 
for a high -temperature core turbine (2200 K and 20 atm). These similarity conditions 
were 540 K at 4 atmospheres and 760 K at 6 atmospheres with a coolant temperature of 
290 K. These conditions were derived from similarity constraints discussed in refer- 
ence 8 which allow high -temperature and -pressure environments to be experimentally 
investigated at reduced temperatures and pressures. 
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RESULTS AND DISCUSSION 


The experimental temperature data from the porous wire -cloth (Poroloy) vane are 
presented and compared with temperature data previously reported for two full -coverage 
film-cooled vanes. Table I shows all the temperature data generated by this investiga- 
tion. Listed in the table are the gas and coolant inlet conditions, the strut temperatures, 
the thermocouple and infrared airfoil temperatures where applicable, and the measured 
coolant temperatures at the hub and tip ends of passage J. 


Local Wall Temperature Parameter and Comparisons 

The following relation between the vane wall temperature parameter R and the total 
coolant- to gas -flow ratio is often used for defining and comparing vane performances: 

T - T 

R = — — c u J ti (1) 

T g,M- T c,J,i 

For a local value of R, a local airfoil wall temperature T is used along with the inlet 

w 

coolant temperature in passage J T c j . and the mainstream total temperature Tg M 
at the midspan position. The local R values for the Poroloy vane are shown in figure 5. 
Figure 5 is composed primarily of thermocouple temperature data from data sets 1 and 2, 
however, some infrared radiometry temperature data are also included. In general, the 
data curves follow the expected trends. That is, the airfoil temperature decreases as 
the coolant flow increases. 

A closer examination of the data shows that the infrared measured airfoil temper- 
atures were about 20 K less than those indicated by the thermocouples in the leading edge 
region. The reverse was true in the trailing edge region, probably because a combina- 
tion of effects resulting from the sheathed thermocouple lying on the vane surface and ex- 
tending into the gas stream boundary layer. For the thermocouples near the leading 
edge, the relatively thin boundary layer and some local blockage of the coolant flow 
through the porous airfoil could create a situation where the indicated temperature would 
be between the gas total and the airfoil temperature. Near the trailing edge, because of 
the buildup of the coolant film in a relatively thick boundary layer, the thermocouples 
could indicate a temperature between the coolant discharge and the airfoil temperature. 

The maximum and minimum design point airfoil temperatures were found from the 
data of figure 5 by substituting the design gas and coolant temperatures in equation (1) 
and finding the value of R at the design coolant- to gas -flow ratio (0. 053). These tem- 
peratures were determined to be 1120 and 1040 K, respectively. 
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Local R values are also shown in figure 5 for selected regions of a Ml -coverage 
film -cooled vane fabricated from a laminated sheet material (Lamiloy). These data are 
from reference 9. Figures 5(a) and (b) show that the leading edge temperature of the 
Lamiloy vane was higher (by about 55 K) than the temperature of the Poroloy vane of this 
investigation. However, the trailing edge suction surface temperatures of these two 
vanes were similar (fig. 5(c)). 

Local R values for a full -coverage film-cooled vane made from laminated platelets 
(a wafer vane) are also shown in figure 5. These data, taken from reference 10, show 
that the temperature of this vane was generally higher at all thermocouple positions than 
the temperature of the Poroloy vane. 

Average Wall Temperature Parameter 

Average values of R for the Poroloy vane are presented in figure 6. An average 
airfoil temperature T w was used in equation (1) in place of the local airfoil temperature 
T w . These data are based on a weighted average of the thermocouple temperatures of 
data set 2 and represent the average temperature at the midpoint between struts. These 
average data also follow the expected trend over the range of gas temperatures investi- 
gated. Also shown in figure 6 are average R values for the wafer vane of reference 10. 
Insufficient data were available for the Lamiloy vane to obtain an R for comparison. 

The average temperature of the wafer vane was about 30 K higher than that of the Poroloy 
vane for the same gas and coolant temperatures. The average temperature of the 
Poroloy vane was about 1080 K at design gas and coolant conditions and a coolant- to gas- 
flow ratio of 0. 046. . 

Two additional data points for the Poroloy vane are included in figure 6 and repre- 
sent a similarity state where the gas temperature would be 2200 K and the pressure 
would be 20 atmospheres. These data were taken at gas temperatures of 540 and 760 K 
and gas pressures of 4 and 6 atmospheres. Ambient temperature cooling air was utilized 
for both data points. At these conditions, which would be representative of a core tur- 
bine engine, and a coolant- to gas -flow ratio of 0.046, the average Poroloy airfoil tem- 
perature would be about 1220 K. 


Oxidation Effects on Cooling Airflow 

The oxidation of transpiration -cooled vanes is of particular concern because it can 
reduce the cooling airflow and result in failure of the vane. The airflow to the four vanes 
tested was measured before and after each heat -transfer test run to indicate the progress 
of the oxide formation and flow blockage. These flow data are shown in figure 7. After 
about 26 hours of testing at airfoil temperatures between 750 and 1060 K, there was 
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approximately a 15-percent reduction in the total cooling airflow. The coolant pressure 
and airflow characteristics of this vane are discussed in detail in reference 5. 


Surface Static-Pressure Distribution 

Gas -side static pressures near the tip platform were measured during the final se- 
ries of tests. These data were compared with surface static pressures measured on 
solid vane airfoils tested in the same cascade facility. Within the experimental accuracy, 
there was no notable difference in these static -pressure distributions. 


Experimental and Predicted Temperature Distributions 

The analytical model of the Poroloy vane discussed in reference 5 was used to pre- 
dicted airfoil temperatures. A comparison of experimental and predicted airfoil temper- 
atures was made and is shown in figure 8 for run 23. The experimental and predicted 
temperatures compared reasonably well except on the forward portion of the suction sur- 
face. The predicted temperatures in this region were based on laminar boundary layer 
heat-transfer coefficients which were predicted from the gas side test conditions. Ap- 
parently, injection of the cooling air tripped the boundary layer into a transition or tur- 
bulent regime. The installation of the airfoil thermocouples did not contribute to trip- 
ping the boundary layer; this was verified by the fact that infrared temperature data 
taken before and after installation did not show any effect of the thermocouple installa- 
tion. The comparison shown in figure 8 was made for a gas temperature and pressure 
of 1380 K and 31 newtons per square centimeter, respectively, a coolant temperature of 
800 K, and a coolant- to gas-flow ratio of 0.043. 

The coolant temperature rise in passage J predicted by the analytical program was 
about 33 K. This was about one -fourth the temperature rise measured in passage J of 
vane 2 (136 K). This experimental result was similar to the trend found in the work of 
reference 11, where, for transpiration cooling, the heat-transfer coefficient in a coolant 
passage was about five times that predicted by simple tube flow heat transfer. 


SUMMARY OF RESULTS 

Experimental temperature distributions and coolant flow pressure losses of a strut - 
supported wire-cloth turbine vane (Poroloy) were obtained in a four -vane cascade. The 
following results were obtained: 

1. A substantial reduction in the vane airfoil temperature (520 to 600 K) below the 
gas temperature was attained at the design coolant- to gas -flow ratio. In general, the 
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data followed the expected trend of decreasing airfoil temperature with increasing 
coolant-flow rate. 

2. Based on the experimental correlations, the average airfoil temperature was 
determined to be about 1080 K, with chordwise variations from 1120 to 1040 K, at gas 
and coolant temperature of 1640 and 920 K, a pressure of 3 atmospheres, and 4. 6 per- 
cent coolant flow. Based on similarity state tests, the average airfoil temperature was 
determined to be about 1220 K at gas and coolant temperatures of 2200 and 920 K, a 
pressure of 20 atmospheres, and 4.6 percent coolant flow. 

3. The cooling performance of this vane was slightly better than that of two other 
full-coverage film-cooled vanes of different laminated construction (Lamiloy and wafer 
vanes). 

4. The coolant temperature rise in the spanwise channel, which ducted cooling air 
to the porous material, was about four times that predicted by simple tube flow heat 
transfer. 

5. The coolant flow through the vane was reduced by about 15 percent after 26 hours 
of testing at airfoil temperatures between 750 and 1060 K, apparently by restrictions 
caused by oxidation of the wire -cloth material. 

6. The airfoil temperatures were predicted reasonably well with the exception of 
those at the forward portion of the suction surface, where the predicted temperatures 
were lower than the experimental temperatures. The analytical program assumed a 
laminar gas-side boundary layer in this region, but, the boundary layer was apparently 
tripped to the turbulent regime by the injected air. 

Lewis Research Center, 

National Aeronautics and Space Administration 
Cleveland, Ohio, March 6, 1975, 

505-04. 
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Figure 1. - Cross-sectional schematic of poroloy vane. Spanwise coolant passages and their 
associated metering orifices are indicated by letters A to J. 
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Figure 2. - Transpiration-cooled vane. 







Local wall temperature parameter, 
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(a) Leading edge suction surface of vane 2; thermocouple 6. (b) Leading edge pressure surface of vane 3; thermocouple 7. 




fc) Trailing edge suction surface of vane 2; thermocouple 2. (d) Midchord suction surface of vane 2; thermocouple 4. 



Total vane coolant- to gas -flow ratio, w c /w g 

(e) Midchord pressure surface of vane 3 ; thermocouple 10. <f) Trailing edge pressure surface of vane 3; thermocouple 12. 


Figure 5. - Comparison of local wall temperature parameter at selected regions of Porofoy, Lamiloy, and wafer vanes. 
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Average wall temperature 
parameter, R 




Figure 7. - Total coolant flow to four vanes as function of inlet coolant pressure 
with ambient exit pressure. 
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Figure 8. - Comparison of experimental and analytical airfoil temperatures. Gas temperature, 1380 K ; gas pres- 
sure, 31 newtons per square centimeter; coolant temperature, 800 K; coolant- to gas -flow ratio, 0.043. 


22 


NASA- Langley , 1975 


E-8249 



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON. D.C. 20546 


OFFICIAL BUSINESS 

PENALTY FOR PRIVATE USE *300 SPECIAL FOURTH-CLASS RATE 

BOOK 


POSTAGE AND FEES PAID 
NATIONAL AERONAUTICS AND 
SPACE ADMINISTRATION 
451 



POSTMASTER : 


If Undeliverable (Section 158 
Postal Manual) Do Not Return 


"The aeronautical and space activities of the United States shall he 
conducted so as to contribute ... to the expansion of human knowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of information concerning its activities and the results thereof 

— National Aeronautics and Space Act of 1958 


NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 


TECHNICAL REPORTS: Scientific and 
technical information considered important, 
complete, and a lasting contribution to existing 
knowledge. 

TECHNICAL NOTES: Information less broad 
in scope but nevertheless of importance as a 
contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: 

Information receiving limited distribution 
because of preliminary data, security classifica- 
tion, or other reasons. Also includes conference 
proceedings with either limited or unlimited 
distribution. 

CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 


TECHNICAL TRANSLATIONS: Information 
published in a foreign language considered 
to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: Information 
derived from or of value to NASA activities. 
Publications include final reports of major 
projects, monographs, data compilations, 
handbooks, sourcebooks, and special 
bibliographies. 

TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technology 
used by NASA that may be of particular 
interest in commercial and other non-aerospace 
applications. Publications include Tech Briefs, 
Technology Utilization Reports and 
Technology Surveys. 


Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION OFFICE 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. 20546 


